A central problem in current biology is elucidating the molecular networks that drive developmental change and physiological function. Such knowledge is needed partly to understand these networks, partly to be able to manipulate them, and partly to understand and help treat those human congenital abnormalities that arise as a result of mutation. Thus far, bioinformatics technology has been of limited use in this enterprise, mainly because its core focus has been on sequence technology and data archiving. For bioinformatics to be of use in this next tier of investigations, genetic and protein data need to be both archived and searchable by tissue since this is the level at which these networks operate. The resulting databases in turn require ontologies of developmental anatomy that can provide the formal infrastructure for handling gene expression, microarray and other tissue-based data. Here, the progress in making such ontologies, particularly for the developing mouse, is reported and the uses to which they are and will be put, together with the resources and tools currently available for investigating molecular networks and the genetic basis of congenital abnormalities, are considered.
INTRODUCTION
For most working purposes, the computational problems associated with protein and nucleic acid sequence handling and analysis, the classic domain of bioinformatics, have been solved. The ®eld is moving on to consider a wider range of biological data and how to handle and mine it. On the bioinformatics front, a particular aim is to integrate databases, ontologies and tools into single resources (eg TAMBIS Ã ± an asterisk indicates a URL; see Table 1 ), while the range of biological data now available seems unbounded. Of particular importance to those interested in medical and developmental problems are the following classes of data: gene-expression information, both from traditional and microarray assays, mutations and congenital abnormalities, pathologies and the results of mutation screens. All these data types are associated with developing and mature tissues and hence require ontologies of developmental and adult anatomy to provide the terminology to handle their input, storage and retrieval. This paper discusses making such ontologies and using them as archive and search vocabularies for organisms whose databases contain substantial amounts of tissue-based information and for human congenital abnormalities. We also consider the problems associated with using such ontologies for searching across embryo databases, given that each organism has its own tissue organisation. We will argue here that to facilitate such searching, particularly across databases, the ontologies for each organism need to be in a standard, accessible and transportable format.
ANATOMICAL ONTOLOGIES FOR DEVELOPING ORGANISMS Background
The key to being able to use developmental anatomy in a computational context is that the individual tissues present at each developmental stage are incorporated within a formal ontology (for review of the topic and some key ontologies, see Stevens et al. 1 ). While there is some discussion within the ®eld about which de®nition of ontology is most apt, the following seems appropriate for developmental anatomy:
An ontology is an explicit speci®cation of some topic. For our purposes, it is a formal and declarative representation that includes the vocabulary (or names) for referring to the terms in that subject area and the logical statements that describe what the terms are, how they are related to each other, and how they can or cannot be related to each other. Ontologies therefore provide a vocabulary for representing and communicating knowledge about some topic and a set of relationships that hold among the terms in that vocabulary.' 2 This de®nition highlights the key property of ontologies that distinguishes an ontology from a simple list of items: that there are formal rules that de®ne the relationships among the`terms' enabling, for example, hierarchies to be constructed. In the context of developmental anatomy, the terms are obviously tissue names, but the choice of rules is less clear as there are several nonexclusive options for linking them. The simplest approach is to construct a hierarchy whereby each tissue within a single development stage (ie age) is de®ned as being a part of a larger tissue so that ideally each successive level of the hierarchy provides a complete content of the embryo at a higher resolution. An alternative approach would be to set the rule relationships as being child (derivative) of or parent ( progenitor) of, with the rules linking tissues across developmental stages. Other rule possibilities include has the same cellular phenotype (eg the muscles or bones), is continuous with (eg brain and spinal cord) and is an instance of (eg frontal bone is an instance of skeleton). The type of connection diagrams that result from the use of these different rules derives from graph theory, a branch of mathematics concerned with analysing the relationships among vertices (terms) that are connected by edges (rules) that may be uni-or bidirectional (National Institute of Standards and Technology de®nitions, NIST Ã ). A detailed discussion of graph theory would be inappropriate here, but it is worth pointing out that, for anatomical ontologies, the nature of the data permits three possibilities:
De®nition
· Unidirectional rules that allow only a single parent (eg part of ). This will generate a graph that can be represented as a simple tree. There is at most a single path connecting any two vertices.
· Unidirectional rules that allow more than one parent (eg child of ± anatomical tissues can, and frequently are, formed from several tissues). These rules allow the graph to be traversed in several ways and there can be more than one path linking two vertices; however, no path through the graph can start and end at the same vertex. Such a structure is known as a directed acyclic graph (DAG).
· Bidirectional rules that impose no directional constraints (eg is a neighbour of ). Here, the structure is known as an undirected graph and there are no constraints on the paths that can be traversed between vertices; even cyclic ones that start and end at the same place are allowed.
Directed acyclic and undirected graphs may be hard to visualise, but are relatively easy to represent in a computable format. Two advances facilitate this. The ®rst is the use of XML Ã , a web-acceptable and hence portable formatting language designed to handle structured documents; it is thus ideal for ontologies. The other is the fact that computational standards for specifying ontologies are beginning to be initiated (eg the Ontology Inference Layer, OIL Ã ).
Ontologies are now becoming relatively common in bioinformatics and it is worth pointing to some important examples. Most widely known is that created by the Gene Ontology (GO) Consortium whose ontology provides a structure for archiving genes across a wide range of organisms. In essence, the ontology comprises a taxonomy of terms whose relationships are instances of four orthogonal (mutually exclusive) categories: organism, biological process, molecular function and cellular component. Using this ontology, a user can identify all catalogued genes that satisfy any subset of the terms. It is worth noting that the terms are not intended to be complete and further ones can be introduced if, say, new molecular functions are discovered or the genes of further organisms are incorporated within the database.
A richer example is the BioCon Knowledge Base, which underpins the TAMBIS project. This ontology is based around a set of biological concepts that can be used to construct queries to several databases. Here, the vocabularies are primary biological terms or concepts ( proteins, motifs, etc.) and the logical rules are de®ned by known relationships (motif is a component of protein). Again, the ontology is not intended to be complete since further terms and rules can be incorporated as required (for further details, see TAMBIS Ã and Stevens et al. 1 ). One database particularly important in the context of this paper is the Digital Anatomist Project Ã . This database includes an anatomical ontology whose terms are the tissue of adult human anatomy, with two key sets of rules. The ®rst de®nes tissues as part of larger tissues, while the other de®nes tissues with respect to the spatial relationships to their neighbours (eg is linked to). This wideranging and ambitious project is only partially complete, but will clearly be a major resource for human anatomists. It is not, however, intended to provide an
Other ontologies
Relationship rules Graphs ontology that can be linked to genetic data or to developmental phenomena and here the bioinformatics infrastructure for tissue-based data requires anatomical ontologies of the developing embryos of mice and other model organisms.
The mouse ontology of developmental anatomy
The mouse, from fertilisation to adult, is now the baseline mammal for which mutation, molecular and other data have been collected. While it is similar to the human for much of its development, it is rather complex as compared with other model organisms. Nevertheless, it still provides an appropriate organism for demonstrating the problems of handling tissue-based data. Over the past few years, mouse embryologists in Edinburgh (GENEX Ã , Bard et al.
3 ) have been assembling a detailed ontology describing much of mouse developmental anatomy. Here, we ®rst consider what is involved in making the ontology and then consider current and planned databases that use the ontology.
The problems in making a complete mouse ontology of developmental anatomy are, of course, identical to those for any other complex organism, and reduce to:
· collating all the tissues present at each stage of development (by convention, the 20 days of mouse development from fertilisation to birth are broken down into 27 Theiler stages);
· deciding on formal rules to connect the terms.
We consider each problem in turn.
Tissue collation
Identifying all the tissues within sections of mouse embryos is hard and sometimes subjective as it is not always clear whether a domain has developed to the extent that it can be recognised by one or another histological stain. Here, the problem is that no stain will identify all tissues and cell types (neuronal cells, for example, are particularly hard to visualise within other tissues). Highly speci®c molecular stains (eg based on immunostaining and in situ hybridisation) give very limited data and may highlight the fact that, in a developing organism, a tissue will soon form rather than being already present. The most sensible approach is therefore to de®ne anatomical features by a non-speci®c and common stain as the methodology is easily reproducible and re¯ects anatomical features rather than early molecular markers (an early marker now may be a later marker in a year's time). The obvious standard is haematoxylin and eosin (H&E), and we have therefore analysed sectioned embryos to construct tissue lists for each of the 26 Theiler stages that cover embryogenesis (TS 27 is the newborn pup). Tissues can, in principle, be recognised in two distinct ways: ®rst, noting that any recognisable feature of the tissue is present (eg a centre) and not worrying whether it has a clear boundary and, second, de®ning a tissue by the fact that it has a boundary. It is probably more sensible, where possible, to use the latter de®nition as not only is it less subjective but it is also useful in a graphical context (see below). This option has therefore been used for the ontology, 3 the one class of exceptions being cases of individual cell migration (eg neural crest cells, somite derivatives, etc.) where tissue boundaries do not really exist.
The total number of mouse tissues that have been identi®ed and named in the mouse ontology of developmental anatomy is about 8,000 (a tissue present at two stages is represented by two items), each with a unique code. The list is not complete as some items will have been missed, while symmetric tissues are given only once (left and right are hard to distinguish in sections). Moreover, as embryos vary in their timing, a user may ®nd that the tissues seen at a given stage may vary slightly from those expected. Nevertheless, for the sectioned embryos that we have examined, the tissues identi®ed do cover the complete volume Anatomy Tissue identi®cation of the embryo (including their cavities). The ®neness of the resolution is demonstrated, for example, by pointing out that the list assigns a different name to the mesenchyme surrounding each phalange. The purpose of producing so extensive a list was to provide a data framework for storing ®ne-resolution gene-expression data that could be represented in either a text or a graphical format.
The rules of the ontology As has already been discussed, there are several non-exclusive sets of rules that are appropriate for connecting anatomical terms within ontologies, and the choice is determined by usefulness. For the working biologist who may well not be trained as an anatomist, the structure of the ontology needs to be intuitively obvious so that its hierarchy can be easily navigated. The obvious choice of the prime rule is thus is a part of and ideally the terms below a particular node should yield all the parts and hence a complete description for each developmental stage. This is so for the higher levels of the ontology, but such is the degree of anatomical detail visible within a histological section that the lowlevel nodes do not contain all the ®ne detail that might be there: they either include a rest of category, or are logically incomplete.
In deciding how to partition the embryo into parts, there is a second consideration beyond making it easy for the mouse biologist. If databases for different organisms are to be interoperable (see below), it will be helpful if their anatomical ontologies are structured in similar ways. The essential structure adopted for the mouse has therefore been chosen in rather general terms (high-level categories are terms such as organ system that has as leaves cardiovascular system, integumental system, nervous system, sensory organ and visceral organ) that can be used for any animal, vertebrate or invertebrate (Table 2 ; see discussion). Even so, there are still organisational choices since one tissue can be viewed as a part of more than one structure (is the humerus a part of the forelimb or a part of the skeleton?). Our approach here has been that, as a working rule, tissues are to be linked with neighbours rather than tissue types, which are to be viewed as category terms (thus the humerus is a part of the forelimb, but is an instance of the skeleton). One exception is the category of glands: since these tissues do not easily ®t within parts of structure, they are grouped under the rule is an instance of.
The basic parts of hierarchy is now in place and the resulting ontology is being used as a tool for inputting and accessing data for the Mouse Gene Expression Database (GXD Ã ), as well as providing the textual description of the 3D mouse embryo reconstructions that will be a part of the Mouse Graphical Gene Expression Database (GENEX Ã ). The next stage is to expand the ontology into a directed acyclic graph structure by introducing alimentary system liver biliary system renal system reproductive system respiratory system skeleton vertebral axis muscle system muscles tail extra-embryonic tissues more rules and links and current work is focused on constructing lineage tables across developmental stages (the new rules are is a progenitor of and is a derivative of ). Another planned rule to be incorporated is is an instance of a group (eg muscles, skeleton). It is thus planned that the ontology should encapsulate much of our knowledge of mouse developmental anatomy; it is, however, both hard and time-consuming to make the full ontology since each tissue present in each stage requires its own small ®le of data and links. Worse, it is unlikely ever to be complete, as some knowledge is not yet known (eg the lineage of neural crest derivatives across all stages is still unclear).
For many databases, however, such complexity is not needed: where the data are collected at a much lower level of tissue resolution than that required for gene expression, a degenerate and simpler ontology is adequate. Examples here are mouse tissue pathologies (eg Path Base Ã ), mouse mutation information (spontaneous, targeted or from ENU Ã and other screens) and Microarray Ã data where tissue dissections will usually be relatively coarse. Making such degenerate ontologies is not dif®cult and, as the internal coding will still be kept, the potential for interoperability can be maintained, often through a relatively simple controlled vocabulary (see Path Base Ã ).
Ontologies and databases for other organisms
There are now anatomical ontologies available or being constructed for the other key model organisms that link smaller to larger tissues through is a part of rules. There is, for example, a detailed ontology of developmental anatomical for Drosophila Ã that is integrated into Flybase and linked to all of its gene expression and transgenic data. Although this ontology is rich for¯y adult anatomy, it is rather thin on developmental anatomy, mainly because it seems to be of secondary importance to the ®eld. Nevertheless, it is currently the most sophisticated in terms of its internal links within the database.
Developmental ontologies are also being constructed for Caenorhabditis elegans Ã and the zebra ®sh Ã while those for the chick and for Xenopus are being planned. There is also an ontology of human developmental anatomy (HUMAT Ã ) for the embryo stage of development (Carnegie stages 1±21, E0± E50) during which the essentials of tissue organisation are laid down. This is available in two formats: a shortened one that covers the major tissues and has links to notes and the literatures, and a more detailed version that is intended to act as the structural basis for a database of human gene-expression data. This latter version has been structured using the same hierarchy as that for the mouse ontology to facilitate interoperability between the two databases.
It is thus clear that, in the not too distant future, each of the major model organisms will have a database in which anatomy, development, gene expression of all types, mutations and other cell-and tissueassociated data can be stored and that can be searched by using more or less sophisticated controlled vocabularies for developmental anatomies. It will thus be relatively easy to use these data resources to explore and integrate data associated with networks and mutations in each organism.
Uses of anatomical ontologies

Gene expression
The most obvious use for an ontology of developmental analogy is to provide an interface for tissue-based data. The prime example of this is gene expression, which may be derived from expression derived from in situ hybridisation, immunohistochemistry or Microarray Ã work. There is now, as mentioned above, databases that archive all such data for the mouse (GXD Ã ) and for Drosophila Ã (Flybase) that can be searched either genetically or anatomically with the same tissue vocabulary that was used for inputting data. The use of such databases is, however, limited by their textual format and is necessarily imprecise for patterns of gene expression whose domain Uses boundaries are not those of tissues. Such data need to be mapped spatially and, in the case of the mouse, a graphical gene expression database (GENEX Ã ) is currently being produced, and reconstructions of the ®rst 9 days of development are now available. 4 Graphical mapping adds a new dimension to GXD Ã : not only can expression be more accurately handled, but spatial querying using anatomical names now becomes possible, even at the tissue level. This is facilitated by the direct web links being made between GENEX and GXD and it is planned to allow queries of the form`if a paracrine signal X is expressed in tissue Y, return the names of all tissues within 50, 100 and 200 ìm of X that express X receptors'. At a practical level, one can already use pointing and clicking on anatomical domains on GENEX digital sections to request gene-expression data automatically from GXD (see GENEX Ã ).
Dysmorphologies and congenital abnormalities
An ontology of anatomy is also needed for cataloguing anatomical malformations in the human, mouse and other organisms, although it does not need to be very detailed. Such malformations are a potentially valuable source of clues to the function of developmental genes. Reciprocally, clues to the causes of speci®c malformations and syndromes can of course be gained from information about expression and genetic mapping of speci®c genes in humans and mice. For humans, there are now over 3,000 reported non-chromosomal dysmorphic syndromes that are stored in the London Dysmorphology Database Ã (LDDB), of which 2,000 appear to have a single gene aetiology. Of these 2,000 single gene syndromes, however, only the genes causing approximately 200 syndromes have been found, while those for a further 150 conditions have been mapped. 5 A subset of the full anatomical ontology is adequate for archiving and querying these syndromes, and the clinical features of each can be chosen from a master list of features arranged in a three tier hierarchy (Figure 1) . The ®rst is a body part (eg arm), the second is a sub-part (eg forearm) and the third is a speci®c abnormality (eg hypoplastic or absent radii). Only the ®rst two levels of the hierarchy are thus anatomical; the third level is a speci®c abnormality. This simple ontology allows all abnormalities of a speci®c body part (eg the palate) to be easily retrieved. The database was originally created as a diagnostic tool to allow searching for syndromes with a speci®c combination of clinical features (Figure 2 ), but it also provides the ®rst interface for mining the databases that handle genetic data.
A database of the phenotypic effects of chromosomal deletions and duplications in humans has also been created using the same feature codes for abnormalities as those used for the LDDB, 6 and a database of naturally occurring and transgenic mutants in mice classi®ed with the same detailed phenotype codes has also been compiled. 7 This is currently being updated to include the knockout and transgenic mice stored in TBASE.
The three databases have been linked to give the Dysmorphic Human Mouse Homology Database (DHMHD Ã ), which includes a mouse/human phenotype comparison based on a comprehensive list of phenotypic characteristics and data on human/mouse orthologous chromosomal regions, 8 with entries being linked to other databases (eg OMIM Ã and the Mouse Genome Database Ã ). A search of the DHMHD can thus provide one with human counterparts of mouse malformation syndromes ± and vice versa ± as well as with possible phenotypes in humans for candidate genes in the mouse (Figure 3) . This is the ®rst step towards searching across databases for candidate genes, mutations in which could generate congenital malformations. The next will be to move from human and mouse anatomical malformations to possible candidate genes for these malformations by linking LDDB feature codes with anatomical ontology terms and then to gene-expression data (eg GXD Ã ). Information from transgenic mice (TBASE Ã ) and comparative mapping (using the facility incorporated in DHMHD Ã ) could also be utilised. The search sequence would be: 
ORGANISM INTEROPERABILITY USING ANATOMICAL ONTOLOGIES
The prime purpose in constructing any ontology of developmental anatomy is to provide a means of archiving tissue-based data for a particular organism and then of searching the database. Once this is achieved, the database will also be available for wider searches and an important future use will be to help link databases that archive data on a tissue basis. This is something that can, in principle, be done computationally (interoperability). There are two obvious uses here. The ®rst will involve collating candidate molecules for genetic networks in a particular tissue in a particular organism, while the second will be to search for candidate genes, mutations in which might, as just discussed, cause tissue-based congenital abnormalities. In both cases, the identi®cation of candidate genes will involve searching databases of a range of embryos for patterns of gene expression in particular tissues. Here we merely point to the more general considerations involved rather than consider the mechanics. Evolutional conservation of genetic networks (for review, see Gilbert 9 ) implies that such cross-embryo data mining should generate useful data, but the means of doing it are not simple because each organism has its own structures and its own nomenclature. Enabling a user to move easily from one organism to another requires ®nding a means of overcoming these differences.
The key to interoperability here will be the production of an ontology that allows a user who is interested in a particular anatomical tissue to identify thè equivalent' tissue in other organisms. Such an ontology has yet to be built, as there is no obvious way of unambiguously identifying tissue and stage equivalents for the common model organisms. While the practical dif®culty is that not all anatomical ontologies are yet in place, the key conceptual dif®culty hinges on whether such a task is possible for organisms that are not intrinsically similar (eg the human and Drosophila). The problem reduces to deciding whether the differences between homologous and analogous tissues are as substantial as has traditionally been considered.
A decade ago, it was thought that there were profound differences between the vertebrates and, say, the arthropods in the ontogeny of analogous tissues such as eyes, segments and limbs since they formed from different tissues in the two phyla. Under this constraint, there would have been little point in even considering searching for homologues of, say, mouse eye genes in the eye category of a Drosophila gene expression database. It is now, however, clear, on the basis of the expression and mutation of homologous genes in what might be considered analogous tissues, 9 that the mechanisms controlling the ontogeny of a wide variety of apparently analogous tissues are far more similar than previously supposed. Analogous tissues are thus turning out to be far more homologous than ever seemed likely, and the differences at the level of the regulatory mechanisms at least are far less substantial than has traditionally been considered.
In the context of interoperability where we are searching for candidate genes whose actual presence will be determined by experimentation, we clearly need not worry too much about the ®ne details of comparative anatomy and whether two tissues are homologous rather than analogous: the worst that can happen is that too many false positives will be generated. More serious would be failing to ®nd false negatives ± it is much more important to be inclusive rather than exclusive. For the purposes of gene searching, therefore, we can blur the analogue/homologue problem and simply identify equivalent tissues.
There are two important steps needed to facilitate the identi®cation of tissue equivalents across organisms. The ®rst is to incorporate all anatomical ontologies within a single ontology using the same hierarchical scaffold (and an example is given in Table 2 ); this would be facilitated if there were a common XML format. The second is to incorporate within the ontology a glossary of name homologues (eg hair, scales and feathers are all epidermal appendages, Table 3 ). We are now planning to make a generalised anatomical ontology that can be used to identify tissue homologues across a range of organisms and that will be integrated through a graphical user interface with gene expression and other databases.
CONCLUSIONS
In the near future, the existing ontologies of the human, mouse and Drosophila embryos are likely to be supplemented by Tissue equivalence further ontologies for the zebra ®sh, C. elegans and other common organisms and these will enable tissue-based data to be ef®ciently archived and searched for each of these animals. Once this is done, the ®eld is likely to need facilities enabling cross-embryo searching to be undertaken as it is clear that such data are likely to be far more useful than would have been expected a decade ago, particularly in the identi®cation of the genes underpinning human congenital abnormalities. Such interoperability will require a developmental±anatomy±homology tool based around a graphical user interface that will enable a user to identify tissue equivalents. The success of this tool will depend on the extent to which the various model organism communities are prepared to work together in de®ning their ontologies of developmental anatomy.
